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Abstract Prior to genome sequencing, information on base
composition (GC level) and its variation in mammalian genomes
could be obtained using density gradient ultracentrifugation.
Analyses using this approach led to the conclusion that
mammalian genomes are organized into mosaics of fairly
homogeneous regions, called isochores. We present an initial
compositional overview of the chromosomes of the recently
available draft human genome sequence, in the form of color-
coded moving window plots and corresponding GC level
histograms. Results obtained from the draft human genome
sequence agree well with those obtained or deduced earlier from
CsCl experiments. The draft sequence now permits the
visualization of the mosaic organization of the human genome
at the DNA sequence level. ß 2002 Federation of European
Biochemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction
The draft human genome sequence permits, for the ¢rst
time at the DNA sequence level, the visualization of the mo-
saic organization of mammalian genomes that was deduced 25
years ago from ultracentrifugation experiments [1]. Moreover,
the mosaicism is seen to be characterized by fairly constant
average GC levels (GC is the molar fraction of guanine and
cytosine in DNA) persisting over long distances, and by
abrupt jumps to higher or lower GC levels. Such a mosaic
organization is at variance with an alternative hypothesis that
has been considered by some authors [2,3], in which GC levels
drift more or less continuously throughout the human ge-
nome. Other proposals in the recent literature that are refuted
by the draft sequence and by ultracentrifugation experiments
are discussed elsewhere [4,5].
2. Results and discussion
Fig. 1 shows a color-coded compositional map of the hu-
man chromosomes, representing 100 kb moving window plots
that scan the recently published draft human genome se-
quence [3]. Color codes span the spectrum of GC levels in
¢ve steps, from ultramarine blue (GC-poorest isochores) to
scarlet red (GC-richest isochores). In all chromosomes except
for the previously sequenced chromosomes 21 and 22 [6,7],
there is a somewhat startling abundance of gaps (gray bars)
in the euchromatic regions, amounting to about 5000 gaps
that have been estimated to cover nearly 300 Mb, i.e. nearly
one tenth of the genome (not counting the many shorter se-
quence gaps or the heterochromatic regions [3]). Apart from
such gaps, three features of the map are prominent. The most
striking feature is the large proportion of the genome repre-
sented by long blue regions, uninterrupted by red. The next
most notable observation is the scarcity of blue in many of the
blocks characterized primarily by orange and/or yellow, or by
red and/or orange, and the tendency of such regions to be
much shorter than the expanses of uninterrupted blue. The
longer GC-poor regions are in agreement with the much
greater abundance of GC-poor isochore DNA in the human
genome (63%; see [8], and references therein). The third ob-
servation is that compositional £uctuations increase as one
moves from GC-poor to GC-rich isochores. Short (V200
kb) GC-rich isochores, and a higher heterogeneity of GC lev-
els in long, predominantly GC-rich regions, had also been
observed earlier during yeast arti¢cial chromosome composi-
tional mapping of chromosomal bands [9,10] ; the higher het-
erogeneity within GC-rich isochores had already been inferred
and quanti¢ed previously via CsCl analyses [11].
Although ¢xed-size moving window plots that show GC
level variation along a chromosome have well-known draw-
backs (discussed in [12,13]) and, in particular, cannot show
variation at scales smaller than the windows’ lengths, they are
conceptually very simple, and can be easily reproduced and
explored using traditional software. Discrete color coding of
windows according to non-overlapping GC ranges in which
they are located, when used together with a line plot of the
GC level, can quickly give an intuitive overview of the large-
scale compositional homogeneities and heterogeneities in a
chromosome. In order to do so, however, the window size
must be large (100^300 kb), and the vertical scale must be
large in relation to the horizontal scale. Such conditions,
which are often not met in published GC level plots, are
essential, or the compositional mosaicism of the chromosomes
at the isochore level will not be easy to recognize. A particular
advantage of the ¢xed-size window method is that histograms
of the windows’ GC values can be obtained either from DNA
sequences or, experimentally, via CsCl density gradient cen-
trifugation, a method for rapidly characterizing genomes that
was in use already before the discovery of the genetic code,
and well before the advent of genomic sequencing.
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Isochores were de¢ned in 1976 [1], and their name intro-
duced in 1981 [11], as long regions of DNA, initially estimated
as much longer than 300 kb on average, that are ‘fairly ho-
mogeneous’ in base composition (i.e. in GC level), compared
to the heterogeneity present in the main-band (non-satellite)
DNA of a mammalian genome. The lower bound of around
300 kb for the length of most isochores was the highest esti-
mate possible using the CsCl methodology at that time, which
allowed the comparison of GC distributions at di¡erent frag-
ment lengths (corresponding, in the plots of Fig. 1, to window
lengths), ranging from a di¡usion threshold at around 2 kb to
a threshold of possible aggregation, between about 500 kb
and 1 Mb.
Fig. 2 shows the GC distributions of the 100 kb windows
from Fig. 1, superposed on the corresponding plot when a
window length of 300 kb is used. In spite of the threefold
di¡erence in window size, the two pro¢les coincide almost
exactly, except for small £uctuations in the 300 kb pro¢le.
This is a highly non-trivial behavior of the distributions, ¢rst
observed 25 years ago: if an isochore organization were not
present in most of the genome, the 300 kb distribution would
be distinctly narrower than the 100 kb distribution. As ex-
pected, both curves match well the CsCl pro¢les as obtained
by analytical ultracentrifugation for these di¡erent fragment
lengths: the similarity among such CsCl pro¢les for di¡erent
Fig. 1. (continued). Color-coded moving window plots, using overlapping 100 kb windows, of the chromosomes of the draft human genome
sequence (from the draft assembly [14] described in [3]). The 100 kb windows were partitioned into ¢ve classes, representing the ¢ve major
DNA components and the isochore families from which they derive (L1: 6 37% GC, L2: 37^42% GC, H1: 42^46% GC, H2: 46^52% GC,
H3: s 52% GC; see color bar). Gray vertical bars show gaps in the draft sequence; wide gray blocks show centromeric, telomeric and/or
heterochromatic DNA not represented in the draft sequence.
 
Fig. 2. GC level histograms of the 100 kb windows shown in Fig. 1
(red curves) and, superposed, of 300 kb windows taken over the
same draft sequence data (blue curves), for bin sizes of 0.5% GC
(left panel) and 1% GC (right panel). The histograms reproduce, us-
ing sequence data, the fragment distributions that are obtained ex-
perimentally, for these molecular weights, by CsCl density gradient
ultracentrifugation. The histograms shown here are for the male
(heterogametic, XY) genome; histograms for the female (XX) ge-
nome di¡er only negligibly (mean and standard deviation are ap-
proximately 0.6% and 0.03% GC lower than in the male, respec-
tively).
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Fig. 3. GC level histograms of the 100 kb windows shown in Fig. 1, for the individual chromosomes of the human genome (black curves) and,
superposed, the expected histogram if each chromosome had the same GC distribution as the entire genome (red curves). Bin sizes are 1% GC.
Vertical axis: number of windows; horizontal axis: GC, %. Vertical reference bars indicate 40% GC.
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molecular weights was an early, decisive indication that mam-
malian genomes are organized into isochores [1].
Given the draft sequence, we can now go further, and ob-
tain the GC distribution of the euchromatic DNA in each
individual chromosome. As can be seen in Fig. 3, not all
chromosomes show similar GC distributions (black curves,
shown here at the 100 kb level): several chromosomes deviate
strongly from the distribution of the whole genome (red
curves), in that either GC-poor or GC-rich DNA is under-
represented. In Fig. 1, the former case corresponds to a scar-
city of blue, the latter case to an absence of red and orange in
the moving-window plot. Such chromosomes are, as a simple
consequence of their biased GC distributions, not prone to
show the dramatic jumps in GC level that are characteristic
of the chromosomes containing both GC-rich and GC-poor
euchromatic DNA in normal proportions.
As a result of the strong asymmetry of the CsCl pro¢le of
human DNA, i.e. of the GC distributions of DNA fragments
of lengths in the range from 70 to over 300 kb, it is inevitable
that GC-poor regions will tend to be much longer than GC-
rich regions, as is observed in the plots of Fig. 1. The inevi-
tability of long GC-poor regions can be easily seen by using
24 cards to represent regions of DNA of a given length (e.g.
of 300 kb), and then considering their possible con¢gurations.
Thus, if 15 cards represent the GC-poor L DNA ( = L1 and
L2; 62.5%; 13 spades/two jokers), six represent H1 (25%;
clubs), two represent H2 (8.3%; hearts) and one represents
the GC-richest, H3 DNA (4.2%; diamond), corresponding
approximately to their ratios in the human genome [8], then
many of the 15 cards representing L regions must inevitably
occur in groups of two or more (the exact number will be
between six, as in LHLHLHLLLLLLHLHLHLHLHLHL,
and 15). In other words, much if not most of the L DNA
will occur in long isochores.
The practical utility of the isochore concept and the func-
tional relevance of compositional maps follow from the docu-
mented correlates of base composition. For example, in Fig. 1
the di¡erences in GC among the long, chromatically homoge-
neous regions of the chromosomes correspond to di¡erences
in gene density, the GC-richest (red) isochores having much
higher gene densities than the GC-poorest (blue) isochores,
and to di¡erences in intron length, patterns of codon usage
and distributions of repetitive elements (see [8] for a review).
In many regions of the genome, isochore borders can be rec-
ognized already from obvious changes in the GC level of the
sequence, or by using appropriate segmentation algorithms
[12,13]. In other regions, more work is still needed, which
will include ¢ne-tuning of algorithms, and taking into account
the known systematic di¡erences in GC level that correspond
to genes and to other structural and functional features. Part
of this work will involve a detailed study of the very few long,
contiguously sequenced regions of the human genome that are
accompanied by publicly available, dense annotations for ex-
perimentally veri¢ed features such as genes, promoters/en-
hancers, matrix/sca¡old attachment regions, origins of repli-
cation, or other replication information, which could give
further clues to the functional roles of the isochore organiza-
tion of mammalian genomes.
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